The structure, thermal stability and corrosion behavior of the Ti 40 Zr 10 Cu 36 Pd 14 bulk metallic glass and its crystalline alloys have been investigated in this paper. The results of potentiodynamic polarization measurements revealed that the Ti-based bulk metallic glass and its crystalline counterparts examined were spontaneously passivated by anodic polarization with the passive current density about 10 À2 A/m 2 . The higher corrosion resistance for the Ti-based bulk metallic glass and partly crystalline alloys was attributed to stable and protective passive films enriched with titanium and zirconium. The Ti 40 Zr 10 Cu 36 Pd 14 bulk metallic glass and its partial crystalline alloys produced recently without toxic elements are expected to be applied as biomaterials.
Introduction
Titanium alloys have been applied as implant materials for many years due to high corrosion resistance and good biocompatibility of titanium. Bulk metallic glasses were rapidly developed in the past decades because of unique properties comparing with crystalline alloys, such as high strength, high elastic limit, low Young's modulus and excellent corrosion resistance. Many Ti-based metallic glasses have been developed in Ti-Cu-Ni, 1) Ti-Cu-Ni-Co, 2) Ti-Cu-Ni-Zr, 3) Ti-Cu-Ni-Zr-Sn, 4) Ti-Cu-Ni-Sn-B-Si, 5) TiCu-Ni-Sn-Be, 6) Ti-Cu-Ni-Zr-Be, 7) Ti-Cu-Ni-Zr-Hf-Si 8) and Ti-Cu-Ni-Zr-Nb(Ta) 9) alloys, based on the Inoue's three empirical rules, 10) i.e., 1) multicomponent consisting of more than three elements, 2) significant atomic size mismatches above 12% among the main three elements, and 3) negative heats of mixing among the main elements. But all the Tibased bulk metallic glassy alloys with good glass-forming ability contain some toxic elements of Ni and/or Be, which can cause an allergy, cancer or other diseases, limiting the application of Ti-based bulk metallic glasses in medical fields. Recently the Ti-based bulk metallic glasses without toxic elements were fabricated in Ti-Zr-Cu-Pd-Sn and Ti-ZrCu-Pd alloy systems. Investigations on corrosion properties of the Ti-Zr-Cu-Pd-Sn bulk metallic glasses revealed that these glassy alloys are promising biomaterials due to their spontaneously passivated ability in simulated body fluid.
11)
And Ti-Zr-Cu-Pd alloy system shows a larger glass-forming ability with a critical diameter of 6 mm. 12) Furthermore, higher strength and lower Young's modulus of 2000 MPa and 90 GPa have been obtained in Ti-Zr-Cu-Pd, which is much higher and lower than that of TiAlV alloy. 13) In addition, it is known that the glassy alloys have higher corrosion resistance than their crystalline counterparts due to chemically and structurally homogenous state which provides the formation of a uniform passive film without weak points with respect to corrosion. 14) However in some cases, the glassy state itself does not exhibit superior corrosion resistance in Zr-Ti-Ni-Cu-Be 15) and Zr-Cu-Ni-Al 16) alloy systems, even though they contain a large amount of passivating elements. Mehmood et al. 17) reported that the formation of nano-crystalline phases formed by heat treatment ennobled the pitting potential in Cr-Zr glassy alloys system in aggressive Cl-containing solution. Alvarez et al. 18) also found that the crystalline Ni-B-Sn alloys were more anticorrosive in NaCl solution than the pure metallic glasses with the same compositions. Mondal et al. 19) reported that nano-and quasi-crystalline states in Zr-Pd and Zr-Pt alloys show better corrosion resistance than glassy state in NaCl, NaOH and H 2 SO 4 solutions. Zander and Köster 20) also assumed that the nano-crystalline state shows higher corrosion resistance than that of crystalline counterparts due to the large number of grain boundaries helping to form homogeneous and protective film. From the above mentioned facts, it can be concluded that both the structure and composition affect the corrosion behavior of metallic materials. So it is necessary to investigate different alloy systems for understanding the corrosion mechanism of metallic glassy and its crystalline alloys. In this paper, the corrosion resistance of the Ni-free Ti 40 Zr 10 Cu 36 Pd 14 bulk metallic glass and its crystalline counterparts has been investigated in Hanks' solution.
Experimental Procedure
The alloy with nominal composition of Ti 40 Zr 10 Cu 36 Pd 14 was prepared by arc melting the mixture of pure metals (> 99:9 mass%) in an argon atmosphere. The bulk metallic glasses with a diameter of 4 mm were prepared by injection casting into copper mold. The samples were heat-treated in a vacuum of about 10 À3 Pa at temperatures of 693, 723 and 823 K for 10 minutes. The structure of all the samples was examined by X-ray diffraction (XRD) with Cu K radiation. Thermal stability was characterized by differential scanning calorimetry (DSC) under an argon atmosphere with a heating rate of 0.67 K/s.
The corrosion behavior of the samples was evaluated by Glucose. Electrochemical measurements were conducted in a three-electrode cell using a platinum counter electrode and a saturated calomel reference electrode (SCE). Potentiodynamic polarization curves were measured with a potential sweep rate of 0:83 Â 10 À3 V/s in Hanks' solution after immersing the specimens for 600 s. The surface of the bulk glassy alloys after immersion in Hanks' solution at 310 K for 168 h was investigated by Auger electron spectroscopy (AES) depth profile analysis at a sputter rate corresponding to that in silicon dioxide of 5 nm min À1 .
Results and Discussion

Structure and thermal stability
The DSC curves of the as-cast Ti 40 Zr 10 Cu 36 Pd 14 bulk metallic glass and its crystalline alloys annealed at different temperatures are shown in Fig. 1 . The glass transition temperature (T g ¼ 669 K) and onset temperature of crystallization (T x ¼ 720 K) appear in the as-cast alloy, demonstrating its glassy nature. The annealing temperatures are 693, 723 and 823 K, which are between the glass-transition temperature and the onset temperature of crystallization, the first crystallization peak and second crystallization peak, respectively. When the bulk metallic glass is subjected to isothermally anneal at 693 K for 10 min, partial crystallization may occur and the glass-transition temperature is not as significant as that of the as-cast bulk metallic glass. The first crystallization peak completely disappears after annealing at 723 K for 10 min. While the isothermal annealing at 823 K for 10 min causes the bulk metallic glass full devitrified. Figure 2 presents the XRD patterns of as-cast Ti-based bulk metallic glass and its crystalline alloys. It is obvious that only a halo peak appears in the XRD pattern of the as-cast bulk alloy, indicating that a glassy phase is formed in the as-cast alloy. Although no obvious crystalline peaks appear in the XRD pattern after annealing at 693 K, the main halo peak becomes sharper than that of the as-cast glass, and some small peaks identified as Ti 3 Cu 4 appear in the pattern of the alloy annealed at 723 K. The results combining with those of DSC data indicate that the nano-crystals would exist in the glassy matrix for the alloys after annealing at 693 and 723 K, which can not be distinguished by XRD. Recently it has been reported that, even if only one broad peak was found by XRD in Cu-Zr-Ti bulk glassy alloy, 21) there were significant volume fraction of nano-crystals in several nanometer embeded in the glassy matrix in HRTEM images. In this case, the detailed work on the information of the structure and composition of the nano-crystals by HREM is going to investigate. As the annealing temperature increases to 823 K, many crystalline phase peaks appear which are identified as tetragonal Ti 3 Cu 4 , orthorhombic Ti 2 Pd 3 and tetragonal Ti 2 Pd.
Potentiodynamic polarization curves
The potentiodynamic polarization curves of the Ti-based bulk metallic glass and its crystalline alloys in Hanks' solution at 310 K are shown in Fig. 3 . For the sake of comparison the data of Pure Ti and a commercial Ti-6Al-4V alloy were also included in the figure. Both the as-cast bulk metallic glass and its crystalline counterparts are spontaneously passivated in Hanks' solution. It is seen that the passive current densities and pitting potentials in Hanks' solution are dependent on the annealing temperatures. The as-cast bulk metallic glass and its crystalline alloys have lower passive current densities located about 10 À2 A/m 2 , lower than that of commercial Ti-6Al-4V alloy, meaning that more protective and denser passive film formed on the surface of the alloys in the anodic process. Furthermore, noble pitting potential has been observed for the partly crystalline alloy annealed at 723 K. The pitting potentials for the as-cast glass and the alloys annealed at 723 K are about several hundreds microvolt higher than their open-circuit potentials, meaning that spontaneous pitting corrosion may not occur in human body environment. 22) However, the fully crystalline alloy annealed at 823 K exhibits a much lower pitting potential.
Pit morphology
The example surfaces after the polarization testing in Hanks' solution was examined in the SEM in order to get more information on the local corrosion. Figure 5 (a)-(c) shows AES depth profiles of the as-cast Ti 40 Zr 10 Cu 36 Pd 14 bulk metallic glass and its crystalline alloys after immersion in Hanks' solution at 310 K for 168 h. The thickness of the oxide layer was estimated from the thickness where the oxygen concentration became 50%. The concentration of each metal element comes from both oxidic state and metallic state because difference in chemical states could not be distinguished by AES. It is obvious that the oxide films formed on all the alloys are smaller than 5 nm, suggesting high corrosion resistance of the alloy system. The surface films formed on the as-cast and crystalline alloys in Hanks' solution mainly contain titanium, especially in their outermost region. In addition, the concentration of Zr is also higher than that of nominal concentration in the bulk. The comparison of the thickness of the oxide film reveals that the layers formed in Hanks' solution for the as-cast metallic glass and the nano-crystalline alloy annealed at 723 K are thinner than that of the completely crystalline alloy annealed at 823 K. The thicker film formed on the completely crystalline sample in Hanks' solution is due to a higher oxidation rate of the fully crystalline alloy. Recently it have been reported that partial nano-crystallization of the glassy alloys exhibited higher corrosion resistance in Cr-based, 17) Ni-based, 18) Zr-based 19) and Febased 23) glassy alloys. Some authors 19) attributed higher corrosion resistance to the structure relaxation and stress relief caused by annealing. Structural relaxation decreases the free energy of the alloy, consequently decreases the elemental reactivity and increases the alloy's chemical stability. Some authors 17, 18) considered that the formation of nano-particles induced more protective films formed in the underlying surface. Mehmood et al. 17) reported that the Zrrich nano-crystalline phases formed after heat treatment in Cr-Zr alloys ennobled the pitting potential in aggressive HCl solution due to the formation of the hcp zirconium phase leads to an increase in the Cr content of the matrix phase which is able to form thin protective Cr-rich passive films covering the entire homogeneous alloy surface. But the pitting potential of the Cr-Zr alloys after heat treatment was also depend on the heating temperature, i.e. the size of nanocrystalline phase played an important role. When the size of nano-crystalline phases exceeds a critical size of 20 nm, the protective passive films can't completely cover the precipitates and the pitting corrosion reduced. In this study, enhancement of pitting potential of partly nano-crystalline alloy annealed at 723 K as shown in Fig. 3 , may be due to the formation of Ti 3 Cu 4 phase, resulting in the enrichment of Pd in the glassy matrix, which is helpful to form protective passive film. At the same time, the phases are in the nanoscale, thus a large number of interface defects are expected in the nano-crystalline alloys. The break down of passive film is more uniform because of more defects in the passive film, leading to uniform corrosion. More uniform distribution of the passive current density over the preferred corrosion attack sites allows the nano-crystalline alloys to maintain passivity over large potential range on the noble side and resist localized Cl ion attack. 19) Whereas Ti 40 Zr 10 Cu 36 Pd 14 bulk metallic glass is completely crystallized, not only Ti 3 Cu 4 phase but also Ti 2 Pd and Ti 2 Pd 3 nucleate and grow-up to larger size, it may cause serious micro-galvanic corrosion between Cu-rich phase and Pd-rich phases. Thus lower pitting potential is observed in Fig. 3 , indicating that both the size and composition of crystalline phase play an important role in controlling the corrosion behavior of Ti-based alloys. But it is still unclear why and how the critical size, spacing and composition of nano-crystals influence corrosion behavior in different alloy systems.
Surface analysis
Conclusions
The Ti 40 Zr 10 Cu 36 Pd 14 bulk metallic glass and its crystalline counterparts examined are spontaneously passivated by anodic polarization with the passive current density of about
10
À2 A/m 2 . The higher corrosion resistance for the Ti-based bulk metallic glass and its partial crystalline alloys is attributed to stable and protective passive films. The recently developed Ti-based bulk metallic glass and its partial crystalline alloys without toxic elements are expected to be applied as biomaterials.
